Hall effect in c-axis-oriented MgB 2 thin films 
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We have measured the longitudinal resistivity and the Hall resistivity in the ab-plane of highly 
c-axis-oriented MgB2 thin films. In the normal state, the Hall coefficient (Rh) behaves as Rh ~ T 
with increasing temperature (T) up to 130 K and then deviates from that linear T-dependence at 
higher temperatures. The T 2 dependence of the cotangent of the Hall angle is only observed above 
130 K. The mixed-state Hall effect reveals no sign anomaly over a wide range of current densities 
from 10 2 to 10 4 A/cm 2 and for magnetic fields up to 5 T. 



I. INTRODUCTION 

The recent discovery of superconductivity in MgB2, 
with a transition temperature (T c ) of about 39 K [Q, 
has attracted extensive scientific interest in the fields of 
basic research and applications. Already, several physi- 
cal properties, such as the Hall effect, the thermoelectric 
power, the magnetization, and the magnetoresistance, 
have been investigated using polycrystalline samples 
However, many experimental results still remain 
controversial because of the relatively high anisotropic 
nature of this compound. Based on measurements of the 
upper critical field for different crystal planes of MgB2 
single crystals and of highly c-axis-oriented thin 

films they have confirmed the anisotropic nature of 
MgB 2 superconductor. These results strongly suggest 
that the physical properties of MgB2 should be investi- 
gated by either using single crystals or high-quality thin 
films having preferred orientations. For the Hall measure- 
ments, since sizable single crystals are not available and 
the Hall signal is very small due to its metallic charac- 
ter, the thin-film form is the best candidate for achieving 
accurate experimental results. 

In our earlier work on polycrystalline samples ||], we 
confirmed that the majority charge carriers were holelike, 
which was consistent with theoretical estimates jl0| ; sub- 
sequently, similar results were also reported for polycrys- 
talline MgB2 thin films |11|. To the best of our knowl- 
edge, the in-plane Hall effect for MgB2 has not been pre- 
viously studied; thus, measurement of the ab-plane Hall 
effect for c-axis-oriented MgB 2 thin films should provide 
significant input for future investigations of its electronic 
transport properties and vortex dynamics. 

For high-T c cuprate superconductors (HTS) , a univer- 
sal T 2 dependence of the cotangent of the Hall angle 
(cotBff) has been extensively discussed. Anderson 
has proposed that this behavior can be explained if two 
different scattering rates, a transport scattering time and 
a Hall (transverse) scattering time, are considered, where 
the longitudinal resistivity (p xx ) is determined by the for- 
mer and the Hall resistivity (p xy ) is determined by both. 
Most experimental results for HTS have supported this 
theory [|L3|-[l5[, and it is generally accepted that, in the 



normal state, a cotOn ~ T 2 law is universal over a wide 
temperature range. Similar behavior has also been re- 
ported for polycrystalline MgB2 superconductors [p|JTT|. 

Another interesting feature concerning the mixed-state 
Hall effect as a probe of superconductivity is the anoma- 
lous sign change near T c as a function of the T and the 
magnetic field, and its origin has remained an unsolved 
subject for over 30 years. The sign anomaly has been ob- 
served in some conventional superconductors ]l6|] , as well 
as in most HTS [fl6| [l8| . However, in clean superconduc- 
tors, such as pure Nb, V, and 2ff-NbSe2, no sign anomaly 
has been found |l6). Our Hall data for MgB2 are more 
similar to the behavior seen in Nb, V, and 2_ff-NbSe2, 
suggesting that MgB2 might be a clean-limit supercon- 
ductor jig ]. 

In this paper, we report the first measurement of the 
in-plane Hall effect of MgB2 . The measurement was car- 
ried out using highly c-axis-oriented thin films, and we 
found that the sign of the Rh was positive like those of 
HTS. Also, the Rh appeared to follow a linear behavior 
for the T region from 30 to 130 K, which is different from 
the behaviors of polycrystalline MgB2 and of HTS. The 
Hall effect in the mixed state showed no sign anomaly 
over a wide range of current densities from 10 2 to 10 4 
A/cm 2 and for magnetic field up to 5 T, which is con- 
trast to the observations in most HTS and polycrystalline 
MgB2 thin films. 



II. EXPERIMENT 

The MgB 2 thin films were grown on A1 2 3 (1 T 2) 
single crystals under a high-vacuum condition of ~ 10~ 7 
Torr by using the pulsed laser deposition and the postan- 
nealing techniques reported in an earlier paper p(J . Typ- 
ical samples were 10 mm in length, 10 mm in width, and 
0.4 /im in thickness. The film thickness was measured us- 
ing scanning electron microscopy. Standard photolitho- 
graphic techniques were used to produce thin-film Hall 
bar patterns, which consisted of a rectangular strip (1 
mm in width and 3 mm in length) of MgB2 with three 
pairs of sidearms (the upper inset of Fig. 2). The nar- 
row sidearm width of 0.1 mm was patterned so that the 
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sidearms would have an insignificant effect on the equipo- 
tential. Using this 6-probe configuration, we were able to 
measure simultaneously the p xx and p xy at the same T; 
thus the cot6# was obtained very precisely. To achieve 
good ohmic contacts (<1 fi), we coated Au film on the 
contact pads after cleaning the sample surface by using 
Ar-ion milling. After installing a low-noise preamplifier 
prior to the nanovoltmeter, we achieved a voltage res- 
olution of below 1 nV. The magnetic field was applied 
perpendicular to the sample surface by using a supercon- 
ducting magnet system, and the applied current densities 
were 10 2 — 10 4 A/cm 2 . The Hall voltage was found to be 
linear in both the current and the magnetic field. 



III. RESULTS AND DISCUSSION 

The structural analysis was carried using X-ray diffrac- 
tometry, and the results are shown in Fig. 1(a). The 
MgB2 thin film showed a highly c-axis-oriented crystal 
structure, and the sample purity exceeded 99% and had 
only a minor {101} oriented phase. Figure 1(b) shows 
the low-field magnetization at H — 4 Oe for both the 
zero-field-cooled (ZFC) and field-cooled (FC) states of 
an MgB2 film. A very sharp diamagnetic transition is 
observed. Even at a high T of 37 K and under self-field 
conditions, the critical current density determined by di- 
rect current vs voltage measurements was observed to be 
on the order of 10 5 A/cm 2 |21|. These results indicate 



that the MgB2 films used in the present study were ho- 
mogeneous and of very high quality. 

Figure 2 shows the T dependence of p xx for a MgB2 
film at H = and 5 T. The upper inset shows the 6- 
probe Hall-bar pattern. Pads 3-4 and 5-6 were used 
to measure p xy and p xx , respectively, while the current 
was applied between 1 and 2. The lower inset shows a 
magnified view near the superconducting transition. The 
onset T c was 39.2 K and had a narrow transition width 
of ~ 0.15 K, as judged from the 10 to 90% supercon- 
ducting transition. At 40 K, p xx was 3.4 fiQ cm, giving 
a residual resistivity ratio [RRR = p xx (300K) / p xx (A0K)] 
of 3, which was smaller than the value observed for MgB2 
single crystals @,||. A very small (less than 0.5%) mag- 
netoresistance was observed in the normal state at 5 T. 

The T dependence of the Rh at 5 T is shown in Fig. 3. 
The offset voltage due to the misaligned Hall electrodes 
was eliminated by reversing the field from -5 T to 5 T 
(inset of Fig. 3), and the Hall voltage was taken as the 
average value, V xy = (V+h - V_#)/2, for all data points. 
The offset voltage at H = T was very small compared 
to V xy at 5 T, indicating excellent alignment of the Hall 
electrodes. The value of V xy was about 2 orders of mag- 
nitude larger than that of polycrystalline bulk samples 
Due to our high-resolution measurements, we were 
able to interpret our Hall data rigorously . The value of 



Rh was positive over the entire T range, which is consis- 
tent with the result of band calculations |[o| . Although 
the charge carrier density cannot be determined simply 
within the context of the Boltzmann theory because of 
the anisotropic band structure and the complex Fermi 
surface of MgB2 , such a calculation would be meaningful 
for comparison with other superconductors. At 100 K, 
the Rh was 3 x 10~ n m 3 /C, and the hole carrier den- 
sity, calculated from 1/eRn, was ~ 2 x 10 23 holes/cm 3 . 
The absolute value of the hole density was two orders of 
magnitude larger than that YBa2Cu3C>7 p2j, indicating 
that MgB2 has a metallic superconductor. The average 
value of the Rh was consistent with theoretical estimates 

As the T was increased from the T c , the Rh decreased 
linearly up to 130 K (T*) and then deviated from that 
linear behavior at higher T, suggesting that the electronic 
transport mechanism changes at around 130 K. The T* 
was observed to be independent of magnetic fields up to 
5 T. This feature is somewhat different from previous 
results for polycrystalline bulk || and thin-film samples 
for which the Rh exhibited the same T dependence 
over the entire T range from the T c to 300 K. These re- 
sults suggest that MgB2 might have different transport 
mechanisms in the in-plane and the out-of-plane direc- 
tions. A similar distinct T-dependence around 150 K 
was also observed in the thermoelectric power measure- 
ments [[|^|]; the thermoelectric power increased linearly 
with increasing T up to around 150 and then showed a 
downward deviation from linearity. This behavior is be- 
lieved to be due to the different T dependences of the 
multi-band contributions to the transport properties; at 
low T (below 150 K), charge transport is governed mainly 
by hole carriers whereas at higher T, the contribution of 
electron carriers must be considered || . 

In Fig. 4, we show the T dependence of cotQn at 5 
T. A good linear fit to AT 2 + B is observed for the T 
range from 130 to 300 K; clear deviation from a T 2 de- 
pendence is seen below 130 K. According to the Ander- 
son theory [^2[ , which is based on charge-spin separa- 
tion, charge transport is governed by two separate scat- 
tering times with different T dependences. The longitu- 
dinal conductivity (a xx ) is proportional to the transport 
scattering time (r tr ) whereas the Hall conductivity (cr xy ) 
is determined by TnTtr where the Hall relaxation time 
(th) is proportional to 1/T 2 . The th is mainly governed 
by spinon-spinon interactions; thus, its T dependence is 
not affected by impurities. As a result, the coWh (= 
c xx /<J xy ) should follow a T 2 law. Such a universal tem- 
perature dependence has been observed in most HTS [^3) , 
and the T 2 law has been confirmed not to depend on im- 
purities |l4|,[l^]. Above 130 K, our experimental data 
are also in good agreement with a T 2 law as observed 
in most HTS. However, our data cannot be interpreted 
within the Anderson theory because MgB2 does not have 
active spins. We also observe a distinct T 2 dependence 
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of cotOu at around 130 K. 

Finally, we address the transport properties in the su- 
perconducting state. In Fig. 5(a), we show the T de- 
pendence of the p xx for magnetic fields of 2 and 5 T and 
at current densities of 10 2 to 10 4 A/cm 2 . A broad su- 
perconducting transition is observed, which implies the 
existence of a relatively wide vortex-liquid phase in this 
compound. This result is quite similar to those for HTS. 
In a separate paper p3] |, we reported that this vortex 
phase could be interpreted well by using two distinct re- 
gions; a thermal fluctuation region at high T near T c 
and a vortex-glass region at low T. Moreover, we found 
a very narrow thermally activated flux-flow region, which 
was different from the case of HTS. 

The corresponding p xy data are plotted in Fig. 5(b). 
No sign reversal was detected in the Hall data measured 
for magnetic fields from 1 to 5 T and over two orders of 
magnitude of the current density. A puzzling sign rever- 
sal has been observed in the mixed-state Hall effect for 
most HTS jl8| and even for polycrystalline MgB2 films 
jyj. In conventional superconductors, this sign change 
occurs mostly in moderately clean superconductors, but 
is not seen in either clean-limit superconductors, such as 
V, Nb, and NbSe2, or dirty- limit superconductors, such 
as superconducting alloys [fill. Therefore, the absence 
of the Hall sign anomaly suggests that MgB 2 should be 
categorized as a clean-limit superconductor. Indeed, a 
short superconducting coherence length ( ~50 A) and a 
relatively large mean free path (250 - 600 A) have been 
reported for this compound ]l9| , p^ |. 

An interesting microscopic approach based on the 
time-dependent Ginzburg-Landau theory has been pro- 
posed in a number of papers [p5|-p7|. According to this 
model, the mixed-state Hall conductivity in type II su- 
perconductors is determined by the quasiparticle contri- 
bution and the hydrodynamic contribution of the vor- 
tex cores. Since the hydrodynamic contribution is deter- 
mined by the energy derivative of the density of states 
p6j , ^| , if that term is negative and dominates over the 
quasiparticle contribution, a sign anomaly can appear. 
This theory is consistent with experimental data for HTS 
PU . For the mixed-state Hall effect in MgB2 compound, 
since no sign anomaly was detected, we may suggest that 
the hydrodynamic contribution is very small or negligible 
in this superconductor. 



IV. SUMMARY 

Using high quality c-axis-oriented MgB2 thin films, we 
studied the in-plane Hall effect as a function of the mag- 
netic field over a wide range of current densities. The 
normal-state Rh increased linearly with increasing T up 
to 130 K and then showed a downward deviation from its 
linear dependence at higher T, which is probably due to 



the distinct T dependences of the electronic states of the 
MgB2 compound. Our Hall data were also in good agree- 
ment with a cotOn ~ T 2 law above 130 K. The mixed- 
state Hall effect revealed no sign anomaly for magnetic 
fields from 1 to 5 T over two orders of magnitude of the 
current density. 
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FIG. 5. Mixed-state (a) p xx and (b) p xy measured at ap- 
plied current densities of 10 2 , 10 3 , and 10 4 A/cm 2 and for H 
= 2 and 5 T. No sign change was observed, which is different 
from the case of HTS. 



FIG. 1. (a) X-ray diffraction patterns of MgB2 thin films. 
A highly c-axis-oriented crystal structure normal to the sub- 
strate surfaces was observed. S denotes the substrate peaks, 
(b) Magnetization at H = 4 Oe in the ZFC and FC states. 



FIG. 2. Temperature dependence of the resistivity of MgB2 
thin films for H = and 5 T. The lower inset shows a mag- 
nified view near the T c . A sharp transition, with a narrow 
transition width of ~ 0.15 K, was observed. The upper inset 
is a schematic diagram of the Hall bar pattern. 



FIG. 3. R H vs Temperature of MgB 2 thin films at 5 T. 
Distinct temperature dependences of the Rh are evident be- 
low and above 130 K. The data were measured by reversing 
the magnetic field from -5 T to 5 T at a fixed temperature, 
as shown in the inset. 



FIG. 4. Temperature dependence of cot#H at 5 T. A clear 
T 2 law was observed above 130 K. 
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